Introduction
The myeloproliferative neoplasms (MPNs) are a group of related clonal diseases probably arising from hematopoietic progenitor or stem cells. 1, 2 Patients with MPNs have an increased risk of thrombotic and bleeding complications and disease progression to acute myeloid leukemia. Currently, the treatment of MPNs involves the palliative use of cytoreductive agents. Until recently, the nebulous pathogenesis of MPNs has hampered development of molecularly targeted agents capable of changing the natural history of MPNs, as has been the case for ABL1 tyrosine kinase inhibitors (TKIs) in the treatment of chronic myeloid leukemia. The discovery of a recurrent gain-of-function mutation in MPN patients at nucleotide 1849 of the Janus kinase 2 (JAK2) gene has given hope for new targeted agents. [3] [4] [5] [6] [7] This mutation substitutes phenylalanine for valine at amino acid 617 (V617F) of the autoinhibitory pseudokinase (JH2) domain, resulting in its constitutive activation. 8 V617F is present in 50% to 60% of patients with essential thrombocythemia (ET) and primary myelofibrosis (PMF), and in 95% of those with polycythemia vera (PV). [3] [4] [5] [6] [7] Importantly, expression of JAK2V617F confers growth factor independence to cells and ectopic expression in mice results MPN-like phenotypes. 4, [9] [10] [11] These findings support a fundamental role for this mutation and, more broadly, JAK2 activation in the etiology of human MPNs.
JAK2 is a member of the JAK family of cytoplasmic tyrosine kinases, which also include JAK1, JAK3, and TYK2. The JAK enzymes are required for signaling by cytokine and growth factor receptors that lack intrinsic kinase activity. 12, 13 Although there may be some overlapping role for the different JAKs, each has a primary role in mediating signaling by a subset of factors. 12 JAK1 plays a major role in the signaling of a number of proinflammatory cytokines, 12, 13 often in association with other JAK family members. JAK2 is used primarily by receptors for hematopoietic growth factors, such as erythropoietin and thrombopoietin (TPO). JAK3 appears to have a primary role in mediating immune function, whereas Tyk2 functions in association with JAK2 or JAK3 to transduce signaling of cytokines, such as interleukin-12 (IL-12). 12, 13 Although JAK2 mutations may account for the majority of deregulated oncogenic signaling in MPN patients, the complex nature of the BCR-ABL1 Ϫ MPNs and of JAK signaling suggests that patients may benefit from inhibition of both JAK2 and the closely related JAK1. As alluded to earlier in the "Introduction," JAK1 and JAK2 may interact, resulting in their transactivation. 14, 15 Interestingly, cytokines capable of signaling through JAK1/2 have recently been shown to convey resistance to inhibition of JAK2V617F with siRNA or TKIs, suggesting a cell autonomous benefit of JAK1/2 inhibition. 16 Moreover, it has been documented that patients with primary myelofibrosis (MF) have extremely high levels of circulating inflammatory cytokines, such as IL-6 and tumor necrosis factor-␣ (TNF-␣), [17] [18] [19] [20] and these cytokines are probably responsible for the hypercatabolic state and constitutional symptoms, such as weight loss and fatigue, frequently seen in patients with MF. 21 Recognizing that many of these proinflammatory cytokines use JAK1, and to some extent also JAK2, we hypothesize that selective inhibition of both kinases may provide greater clinical benefit.
In this report, we describe the preclinical characterization of INCB018424, a potent, selective, and orally bioavailable inhibitor of JAK1 and JAK2. Further, we show that JAK1 is hyperactivated in the peripheral blood of patients with MF, implying that combined inhibition of JAK1 and JAK2 may provide superior clinical benefit. INCB018424 is currently undergoing clinical evaluation in MPNs, including MF, PV, and ET.
Methods
Full-length hJAK2 was cloned with a hemagglutinin epitope into pMSCVpuro. The JAK2V617F mutation was generated by site-directed mutagenesis and confirmed by sequencing. BaF/3 cells (DMSZ) were cultured in RPMI with 10% fetal bovine serum and 1 ng/mL IL-3 or IL-6, respectively. The Ba/F3 cell models were generated by nucleoporation of pMSCV-neohEPOR and antibiotic selection. Ba/F3-EpoR-JAK2 cells were generated by nucleoporation of Ba/F3-EpoR cells with pMSCV-puro-JAK2 followed by secondary selection. BaF/3-EpoR-JAK2V617F cells were similarly generated with an added selection for IL-3-independent growth. Clones used in these studies were confirmed to have exogenous JAK2 expression by Western analysis. TF-1-BCR-Abl cells were created in similar fashion from parental cells (ATCC) using pMSCV-puro. HEL92.1.7 cells were acquired from the ATCC and cultured in RPMI 1640 with 10% fetal bovine serum.
DNA sequencing and estimation of percentage JAK2V617F allele
DNA sequencing was performed using Big Dye terminator reagent and an ABI3100 instrument. To determine the frequency of JAK2V617F allele in patient samples, the Mutation Surveyor program (SoftGenetics) was used to estimate comparative areas under the curve for the g (wild-type) and the t (mutant) alleles based on a standard curve generated from an admixture of wild-type and Hel92.6 cell (homozygous mutant) DNA. This limit of detection for the mutant allele was 15% using this technique.
Quantification of JAK2V617F cell burden
A quantitative polymerase chain reaction (PCR) method was used to determine the abundance of the Ba/F3-JAK2V617F cells from tissue samples from mice. Two quantitative PCR primer and probe sets were designed against the backbone of the pMSCV-puro-JAK2V617F expression plasmid. These values were normalized to expression levels of the murine CCR2 transcript. JAK2V717F was detected in DNA samples extracted from peripheral blood specimens obtained from patients with MF by PCR and quantified by pyrosequencing. Briefly, exon 12 of JAK2 was amplified by PCR from genomic DNA by primers JAK200F 5Ј-GCA-GAGAGAATTTTCTGAACTAT and JAK200Rbio 5Јbiotin-CTCT-GAGAAAGGCATTAGAAAG and JAK115Fbio 5Јbiotin-GCAGCAAG-TATGATGAGCA and JAK115R 5ЈCTCTGAGAAAGGCATTAGAAAG for the antisense assay. The captured biotinylated strand was annealed with the sequencing primers JAK200S 5Ј-GGTTTTAAATTATGGAGTATGT and JAK115S 5Ј-TCTCGTCTCCACAGA for the antisense strand. The sense and antisense strands were assayed separately by pyrosequencing using PSQ HS 96 Gold SNP reagents and the PSQ HS 96 pyrosequencing machine (Biotage). The sensitivity of the assay is 5%.
Biochemical assays
The kinase domains of human JAK1 (837-1142), JAK2 (828-1132), JAK3 (781-1124), and Tyk2 (873-1187) were cloned by PCR with N-terminal epitope tags. Recombinant proteins were expressed using Sf21 cells and baculovirus vectors and purified with affinity chromatography. JAK kinase assays used a homogeneous time-resolved fluorescence assay with the peptide substrate (-EQEDEPEGDYFEWLE). Each enzyme reaction was carried out with test compound or control, JAK enzyme, 500nM peptide, adenosine triphosphate (ATP; 1mM), and 2.0% dimethyl sulfoxide (DMSO) for 1 hour. The 50% inhibitory concentration (IC 50 ) was calculated as the compound concentration required for inhibition of 50% of the fluorescent signal. Biochemical assays for CHK2 and c-MET enzymes were performed using standard conditions (Michaelis constant [K m ] ATP) with recombinantly expressed catalytic domains from each protein and synthetic peptide substrates.
An additional panel of kinase assays (Abl, Akt1, AurA, AurB, CDC2, CDK2, CDK4, CHK2, c-kit, c-Met, EGFR, EphB4, ERK1, ERK2, FLT-1, HER2, IGF1R, IKK␣, IKK␤, JAK2, JAK3, JNK1, Lck, MEK1, p38␣, p70S6K, PKA, PKC␣, Src, and ZAP70) was performed using standard conditions (CEREP; www.cerep.com) using 200nM INCB018424. Significant inhibition was defined as more than or equal to 30% (average of duplicate assays) compared with control values.
Cell proliferation assay
Cells were seeded at 2000/well of white bottom 96-well plates, treated with compounds from DMSO stocks (0.2% final DMSO concentration), and incubated for 48 hours at 37°C with 5% CO 2 . Viability was measured by cellular ATP determination using the Cell-Titer Glo (Promega) luciferase reagent or viable cell counting. Values were transformed to percent inhibition relative to vehicle control, and IC 50 curves were fitted according to nonlinear regression analysis of the data using PRISM GraphPad.
Immunoblotting
Cells were treated for 2.5 hours with inhibitor and total lysates collected. Primary antibodies used for immunoblotting included: phospho-JAK2 (pY1007/1008), phospho-ERK1/2, phospho-Akt (Ser473), and JAK2 from Cell Signaling Technologies, phospho-STAT5 (Y694; Upstate Biotechnology), anti-HA epitope (Sigma-Aldrich), and STAT5a/b (Lab Vision). Antibodies were detected using appropriate horseradish peroxidase-linked secondary antibodies (Pierce Chemical) and developed with chemiluminescent detection reagents and visualized with film or a Kodak Imaging station 440cf.
Detection of active JAK1 in primary patient samples
Peripheral blood mononuclear cells from MF patients were collected with patient consent and Institutional Review Board approval. After lysis and protein quantification, 2 mg of protein from each sample was immunoprecipitated using a polyclonal JAK1 antibody (Cell Signaling) and protein A/G agarose overnight. After washing (3 times), samples were eluted with 2 times loading buffer, and Western blots were performed as described above. Membranes were probed with antiphosphotyrosine antibody (Santa Cruz Biotechnology) and subsequently stripped and reprobed with rabbit anti-JAK1.
Apoptosis
Annexin V staining. Cells were treated for 20 to 24 hours and stained with annexin V and propidium iodide for analysis of early apoptotic and dead cells, respectively (BD Biosciences). Analysis was performed using a FACSCaliber flow cytometer.
Mitochondrial membrane potential. Cells were treated for 24 hours and then incubated with 2M of the dye JC-1 (Invitrogen). Analysis was performed by flow cytometry using 488-nm excitation and 530-nm and 585-nm emission filters. JC-1 exhibits potential-dependent accumulation in the mitochondria where its emission is in the red spectrum (590nM). A fluorescence shift from red (590nM) to green (530nM) indicates redistribution of the dye to the cytoplasm resulting from loss of mitochondrial membrane potential, an early marker for apoptosis.
Colony-forming assay
Mononuclear cells were isolated from peripheral blood from patients with PV or normal control persons by centrifugation through Ficoll (Allcells). A total of 2 ϫ 10 5 cells from control or patients with PV were plated onto methocult H88434 (StemCell Technologies) supplemented with recombinant cytokines (50 ng/mL stem cell factor, 10 ng/mL granulocytemacrophage colony-stimulating factor, 10 ng/mL granulocyte colonystimulating factor, 10 ng/mL IL-3, and 3 U/mL erythropoietin) and with indicated concentrations of INCB018424 or DMSO vehicle. For evaluation of endogenous erythroid colony growth, 3 to 4 ϫ 10 5 cells from PV patients were plated onto minimal methocult medium (H4531, StemCell Technologies) with INCB018424 or vehicle. Each condition was performed in triplicate. Colonies derived from erythroid (burst-forming units [BFU] and colony-forming units [CFU]-E) and myeloid (CFU-granulocyte macrophage) progenitor cells were counted after 14 days.
In vivo treatment with INCB018424 in a myeloproliferative neoplasm mouse model
All of the procedures were conducted in accordance with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals. Mice were fed standard rodent chow and provided with water ad libitum. Ba/F3-JAK2V617F cells (10 5 per mouse) were inoculated intravenously into 6-to 8-week-old female BALB/c mice (Charles River). Survival was monitored daily, and moribund mice were humanely killed and considered deceased at time of death. Treatment with vehicle (5% dimethyl acetamide, 0.5% methocellulose) or INCB018424 began within 24 hours of cell inoculation, twice daily by oral gavage. Hematologic parameters were measured using a Bayer Advia120 analyzed, and statistical significance was determined using Dunnett testing.
Histology and morphometric analysis
Tissue samples of spleen were fixed in 10% neutral buffered formalin and processed through graded alcohols and a clearing agent, infiltrated and embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin. To quantify the effects of INCB018424 on white pulp, a simple morphometric method using point-counts was devised. Images of spleen at 2 times magnification were overlaid with a standardized grid. Point counts were by made tabulating the grid intersects that overlaid total spleen and white pulp. Point counts for white pulps were summed for each group, that is, naive (N ϭ 3), vehicle-treated (N ϭ 6), and INCB018424-treated (N ϭ 6), and mean values calculated. An approximate mean mass of white pulp was calculated using the mean weights of spleens for each group and the relative mean point counts for total spleen and white pulp. Photographic images were acquired with a Nikon Eclipse E800 microscope equipped with a Nikon 20ϫ/0.75 Plan Apo objective, and a Nikon DXM1200 digital camera. Images were processed on a Dell computer with Nikon ACT/1 software and Adobe Photoshop 7.0.
Cytokine analysis
Terminal blood samples were collected by intracardiac puncture with a 1-mL syringe and a 25-G needle and transferred into a 0.5-mL ethylenediaminetetraacetic acid containing tube. Plasma was centrifuged at 10 000g for 10 minutes and then stored at Ϫ80°C until the time of analysis. Plasma levels of murine IL-6 and TNF-␣ were measured according to the manufacturer's directions in commercially available kits from R&D Systems (M6000B and MTA00, respectively). Analysis of cytokine levels in cell culture experiments was performed after culturing cells for multiple days in a restricted volume of culture media.
Results

Identification and biochemical characterization of INCB018424
In an effort to evaluate the therapeutic potential of JAK inhibition in MPNs, we identified INCB018424, 22 a potent and selective inhibitor of JAK1 and JAK2 with IC 50 values of 3.3nM and 2.8nM, respectively (Table 1) . INCB018424 demonstrated modest selectivity against Tyk2 (ϳ 6-fold) and marked selectivity (Ն 130-fold) against JAK3. Additional testing revealed remarkable selectivity against Chk2 and c-MET when assessed at their respective K m ATP concentrations (Table 1) . Moreover, no significant inhibition against a commercial panel of 26 additional kinases was observed when INCB018424 was tested at a concentration approximately 100-fold the IC 50 of JAK1/2 (data not shown).
To further characterize the activity of INCB018424 in a clinically relevant setting, we used cytokine-stimulated whole blood assays. After a 10-minute preincubation with increasing concentrations of INCB018424, heparinized whole blood was stimulated for 30 minutes with either IL-6 or TPO. Signaling from these cytokines was previously demonstrated to be specifically sensitive to selective inhibitors of JAK1 and JAK2, respectively (P.A.S. and M.C., unpublished results, February 2008). Therefore, although additional kinases may be activated on cytokine stimulation (eg, JAK2 by IL-6), we interpret inhibition of IL-6-mediated STAT3 phosphorylation as inhibition of JAK1 and antagonism of TPO-mediated STAT3 phosphorylation to reflect selective JAK2 inhibition in this model system. The ability of INCB018424 to inhibit activation of the JAK/STAT pathway was assessed using enzyme-linked immunosorbent assays specific for phosphorylated STAT3. Equipotent inhibition of STAT3 phosphorylation was observed for both cytokines (IC 50 ϳ 280nM, Table 1 ), confirming the ability of INCB018424 to potently inhibit JAK1 and JAK2 in the blood. Whole blood IC 50 values from these assays were used as guides for dose selection in the in vivo mouse model studies.
Selective inhibition of JAK2V617F signaling, proliferation, and survival in cells
The results shown in Table 1 demonstrated the potent in vitro activity of INCB018424 on wild-type JAK1 and JAK2. Although there is no biochemical basis for differential activity of ATP-competitive kinase inhibitors on the mutant JAK2V617F, the effect of INCB018424 on cells driven by JAK2V617F is not known. Therefore, we used an engineered cell system (Ba/F3 cells) and HEL cells to evaluate the effects of INCB018424 on viability and JAK-mediated signaling. Cytokine-dependent Ba/F3 cells were transformed to growth factor independence by ectopic expression of JAK2V617F and a requisite type I cytokine receptor (EpoR), 23 referred to as Ba/F3-EpoR-JAK2V617F cells. This resulted in constitutive phosphorylation of JAK2 as well as downstream targets, such as STAT5 and ERK. 24 Using these cells, we examined the effects of increasing concentrations of INCB018424 on JAK2 signaling. Equal amounts of protein were analyzed by Western blot using antibodies specific for the phosphorylated forms of JAK2, STAT5, and ERK1/2 ( Figure 1A ). Antibodies detecting total JAK2, STAT5, and ERK1/2 were used for comparison. At For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From concentrations more than or equal to 51nM, we observed a dose-dependent reduction in the phosphorylated forms of each protein with maximal effects at approximately 300nM. There was no change in total levels of the respective proteins, suggesting that the effects were specific for the phosphorylated forms. Similar effects on STAT3 and STAT5 phosphorylation were obtained in the human HEL cell line, which endogenously expresses JAK2V617F ( Figure 1B) . We also attempted to analyze the effects of INCB018424 on Akt but found the signal to be modest. Nonetheless, when amplified with exogenous cytokine, Akt phosphorylation was observed and was inhibited by INCB018424 with similar potency as JAK, STAT, and ERK (data not shown).
Attempts to detect activated JAK1 in Ba/F3-EpoR-JAK2V617F cells were unsuccessful and probably reflect the use of EpoR as a scaffolding protein, which signals through JAK2 alone. Therefore, we analyzed the activation state of JAK1 in primary MF patient peripheral blood mononuclear cells. In 5 of 7 MF patients, we detected constitutively phosphorylated JAK1, although not detecting any signal in the healthy donor samples ( Figure 1C) . These results indicate that, in the majority of MF patients, JAK1 pathway is abnormally active, although at this time it is not known whether this is cell intrinsic or not. This is the first evidence of hyperactivated JAK1 in MF patients and may be a consequence of high levels of circulating inflammatory cytokines, such as IL-6. Additional studies are required to understand the biologic implications of this observation.
To better understand the consequences of JAK1/2 inhibition in cells expressing mutated JAK2, Ba/F3-EpoR-JAK2V617F cells were treated with INCB018424 and a viable cell number was assessed after 48 hours. A dose-dependent reduction in viability was observed with an IC 50 of 126nM ( Figure 1D square) . Growth of HEL cells was also affected by INCB018424 with a 50% effective concentration (EC 50 ) of 186nM. Unlike the BaF/3 cells, HEL cell proliferation was not completely inhibited by INCB018424 ( Figure 1B) , even though pSTAT3 and pSTAT5 were completely absent at concentrations more than 100nM ( Figure 1D triangle) suggesting that the proliferation in these cells is not entirely JAK2V617F dependent. Importantly, the sensitivity of these cell lines to the effects of INCB018424 was in stark contrast to the lack of effect on TF-1 or BaF/3 cells transformed with the BCR-ABL oncoprotein. In these cells, no significant effect on viability was Figure  1D , diamond and open square). Likewise, 2 cell lines expressing activating mutations in c-KIT (HMC1.1 and HMC1.2) were also resistant (data not shown). INCB018424 also had no effect on BCR-ABL signaling, as demonstrated by an inability to reduce ABL-mediated pSTAT5, in contrast to imatinib (supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article).
QUINTÁ S-
To distinguish between cytostatic and cytotoxic effects of INCB018424 on Ba/F3-EpoR-JAK2V617F cells, we analyzed the percentage of cells in the early stages of apoptosis by fluorescenceactivated cell sorter analysis, gating on those cells staining positive for annexin V and negative for propidium iodide. Treatment with INCB018424 markedly increased apoptosis compared with DMSO, with a 4.3-, 7.2-, and 13.2-fold increase at concentrations of 150, 400, and 1000nM, respectively. Similar trends were observed looking at cells that lost their plasma membrane integrity and stained positively for propidium iodide with or without annexin (dead or late apoptotic cells; Figure 2A upper quadrants). To confirm these results, we assessed the loss of mitochondrial membrane potential in Ba/F3-EpoR-JAK2V617F cells treated with similar concentrations of INCB018424. Depolarization of the mitochondria membrane potential is a hallmark of apoptosis and suggests involvement of the intrinsic apoptotic pathway. Treatment with INCB018424 (64nM) resulted in a doubling of cells with depolarized mitochondria, an effect that was dose-dependent ( Figure 2B ). These results indicate that induction of apoptosis is an important basis of the observed cellular effect of INCB018424 in Ba/F3-EpoR-JAK2V617F cell system.
INCB018424 inhibits hematopoietic progenitor cell proliferation in primary MPN patient samples
To evaluate the effects of INCB018424 on primary JAK2V617F ϩ cells in MPN patients, mononuclear cells from 3 healthy controls and 3 patients with PV expressing the JAK2V617F mutant allele at frequencies more than 90% (not shown) were obtained. Growth of clonogenic progenitors of erythroid (BFU-E) and myeloid origin (CFU-M) was assessed in colony-forming assays in the presence of increasing concentrations of INCB018424. Dose-dependent inhibition of the growth of erythroid and myeloid progenitors was observed with INCB018424. Sufficient numbers of erythroid progenitors (range, 31-95 per plate for normal donors and 21-34 per plate for PV donors on DMSO control plates) were present to allow reliable quantitation. The mean IC 50 for INCB018424 against erythroid progenitors was 407nM for normal donors and 223nM for PV donors (Table 2) . A similar effect was observed on myeloid progenitors (CFU-M), with IC 50 values of 511nM and 444nM for control and PV samples, respectively; however, the latter should be viewed as estimates because of the low numbers of myeloid progenitors (Ͻ 15 colonies per plate, Table 2 ).
JAK2V617F ϩ human MPNs are characterized by the presence of Epo-independent erythroid colony formation. To assess the effect of INCB018424 on these progenitors, we performed experiments in which PV samples were cultured in the absence of recombinant cytokines. Under these conditions, INCB018424 demonstrated remarkable potency against erythroid colony formation (IC 50 ϭ 67nM; Table 2 ). Moreover, phenotypic assessment of colonies showed that erythroid (BFU-E) colonies were smaller and more dispersed compared with BFU-E colonies arising in complete medium. In agreement with these data, the effects of INCB018424 on proliferation were investigated in erythroid progenitor cells from 3 additional patients with PV after ex vivo expansion, resulting in an IC 50 value of 60nM (T.M. and S.V., unpublished results, December 2008). Together, the data suggest that INCB018424 potently inhibits hematopoietic progenitor cell colony formation and that cells derived from patients with PV with mutated JAK2 are more sensitive to JAK1/2 inhibition than normal For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From donors, particularly in the absence of hematopoietic growth factor support.
INCB018424 is efficacious in an in vivo model of JAK2V617F-driven malignancy
We next investigated the in vivo activity of INCB018424 using a modified version of a JAK2V617F-driven malignancy model described previously. 25 Briefly, 1 ϫ 10 5 Ba/F3-EpoR-JAK2V617F cells were injected into the tail vein of Balb/c mice and mice were monitored for splenomegaly and survival over a 3-week period. Those animals receiving no treatment have progressive splenomegaly, a classic feature of myeloproliferative disorder. Further, proliferation and massive accumulation of injected cells resulted in moribund or dead mice in 2 to 3 weeks. We first determined the impact of INCB018424 on the course of disease by randomizing mice to receive vehicle or INCB018424 after inoculation of the Ba/F3-EpoR-JAK2V617F cells (t ϭ day 0). Beginning on day 15, mice from the vehicle group died of disease. By day 22, greater than 90% of the vehicle group had died, whereas, in contrast, greater than 90% of mice treated with INCB018424 survived ( Figure 3A) . A cohort of mice (n ϭ 6/group) was killed on the first day mortality was noted (day 15), and the effects of INCB018424 on splenomegaly and malignant cell burden were assessed. Vehicletreated animals had remarkable splenomegaly with a mean weight of 471 mg (ϳ 5 times normal), whereas spleen weights of mice treated with INCB018424 were 110 mg, a value comparable with historical naive controls ( Figure 3B ). Moreover, genomic PCR analysis of spleen samples to detect JAK2V617F cells were significantly decreased by treatment with INCB018424 (33%, P Ͻ .01). The dose of INCB018424 used in these studies was demonstrated to normalize uncontrolled JAK/STAT signaling in spleens from mice inoculated with Ba/F3-EpoR-JAK2V617F cells ( Figure 3D ) and significantly inhibit (Ͼ 50%) wild-type JAK2 signaling for at least 16 hours each day, based on documented pharmacodynamic activity in a TPO-stimulated pSTAT3 whole blood assay (supplemental Figure 2) . Although inhibiting JAK1/2 continuously and completely may have resulted in a greater reduction in malignant cell burden, it is unlikely compatible with life because of the central roles these kinases play in normal physiology.
To confirm that the observed decreases in spleen size and JAK2V617F DNA levels represented a selective decrease in neoplastic cell burden, we performed a histologic analysis of treated spleens. In mice given vehicle, spleens contained coalescing sheets of enlarged, irregular, basophilic cells with large, vesicular, pleomorphic nuclei, occasionally with multiple nucleoli (Figure 4) . Large pleomorphic multinucleated cells were scattered throughout as were frequent and unusual mitotic figures. In addition, the sheets of tumor tissue filled the splenic parenchyma and compressed the normal lymphoid components into small, centrally located islands. Conversely, spleens from INCB018424-treated mice demonstrated significantly fewer of these neoplastic features and retained normal lymphoid components ( Figure 4B ). Quantitative analysis showed that the mass of white pulp in INCB018424-treated mice (0.034 g) was similar to that of naive (0.04 g) and vehicle-treated (0.042) mice ("Histology and morphometric analysis"). Therefore, lower spleen weights in INCB018424-treated mice appear to be a result of reduction in transformed tissue mass, without loss of normal lymphoid tissue, consistent with the PCR analysis.
Effects of INB018424 on peripheral blood cell counts in a JAK2V617F-driven malignancy mouse model
We evaluated the effect of INCB018424 dosed chronically for 28 days on peripheral blood cell counts ( Figure 5A ). No significant alteration in hemoglobin, total red blood cells count, or reticulocyte For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From cell count was observed in mice treated with INCB018424 (n ϭ 5). In contrast, treatment of mice with cyclophosphamide, a known myelosuppressive agent, significantly reduced hemoglobin (26%, P Ͻ .01), red blood cells (24%, P Ͻ .01), and reticulocytes (70%, P Ͻ .01; Figure 5B) .
It has been shown that mutations in JAK3, in both humans and mice, are associated with severe combined immunodeficiency disease. 26, 27 In agreement with the biochemical selectivity of INCB018424 against JAK3 (Table 1) , whereas cyclophosphamide significantly decreased the absolute lymphocyte counts compared with vehicle-treated animals after 2 weeks of treatment ( Figure 5A , 32%, P Ͻ .01), daily administration of INCB018424 for a period of 4 weeks had no significant effect on circulating lymphocyte numbers (P Ͼ .05; Figure 5B ). Similarly, INCB018424 had minimal effects on thymus weights (data not shown) compared with the 10-to 100-fold reduction reported in the JAK3 knockout mice. 26 Taken together, these data demonstrate that the relative selective inhibition of JAK1/2 by INCB018424 reduces the tumor burden of mice inoculated with JAK2V617F-expressing cells without causing anemia or lymphopenia.
Effects of INB018424 on the inflammatory cytokines in a JAK2V617F-driven malignancy in vivo
Next, we evaluated the impact of INCB018424 on cytokine production in the Ba/F3-EpoR-JAK2V617F model. We measured the levels of IL-6 and TNF-␣ by enzyme-linked immunosorbent assay in plasma samples from inoculated animals treated with vehicle or INCB018424 for 12 days. The levels of both cytokines were markedly increased in vehicle-treated animals compared with those treated with INCB018424 or naive mice (no tumor cell inoculation or treatment, Table 3 ). INCB018424 resulted in significant suppression of elevated IL-6 levels and reduction of TNF-␣ levels to normal (Table 3) . These data agree with those recently reported in patients with PMF treated with INCB018424. 28 In an attempt to determine the source of these elevated cytokines, we analyzed the supernatants of cultured Ba/F3-EpoR-JAK2V617F cells for IL-6 and TNF-␣ but were unable to detect any (data not shown). These data suggest that the excessive generation of inflammatory cytokines may be part of a reactive process triggered in response to JAK2V617F-expressing cells. For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From cytokine-mediated constitutional symptoms. By contrast, the clinical outcome of patients with BCR-ABL1 ϩ chronic myeloid leukemia, another MPN, has dramatically improved with the introduction of TKIs (eg, imatinib) that inhibit the activity of the BCR-ABL1 kinase, which drives the leukemic clone. The discovery of the JAK2V617F mutation not only provides a common molecular link that unifies the pathogenesis of these MPNs but also renders these disorders amenable to targeted therapeutic interventions. The JAK2V617F mutation is thought to lead to constitutive JAK2 kinase activity by eliminating a negative feedback signal normally mediated by the pseudokinase domain. JAK2V617F expression transforms a variety of hematopoietic cell lines, 4, 6 the efficiency of which is increased in the presence of erythropoietin, TPO, or granulocyte colonystimulating factor receptors. 23 The ability of JAK2V617F-expressing hematopoietic cells to recapitulate a polycythemic phenotype, including evolution to myelofibrosis, in murine models supports the notion that constitutive JAK2 signaling caused by the V617F mutation plays a central role in the pathogenesis of MPNs. Supporting the therapeutic potential of JAK2 inhibitors for the treatment of MPNs is the fact that they dramatically decrease the in vitro proliferation of JAK2V617F-carrying cell lines and primary cells obtained from patients with JAK2V617F ϩ MPNs. 6, 29 Several small-molecule TKIs with potent activity against JAK2 V617F have been developed, and some are already being evaluated in clinical trials for patients with MPNs and other disorders associated with elevated JAK activity.
Discussion
Here, we report on the preclinical activity of INCB018424, a potent and selective JAK1/JAK2 TKI. We demonstrate that, at nanomolar concentrations, INCB018424 inhibits JAK2V617F, STAT5, and ERK1/2 phosphorylation resulting in reduced cellular proliferation and the induction of apoptosis by JAK2V617F ϩ Ba/F3 cells. INCB018424 potently inhibited the proliferation of ex vivo expanded erythroid progenitors obtained from patients with JAK2V617F ϩ PV. In a murine model of JAK2V617F-driven malignancy, therapy with INCB018424 significantly reduced splenomegaly and increased survival. In addition, INCB018424 decreased circulating levels of proinflammatory cytokines, IL-6 and TNF-␣, which have been implicated in the pathogenesis of debilitating constitutional symptoms seen in advanced MPNs. Although animals were not cured of their disease, our results are consistent with those observed in BCR-ABL1-driven mouse models. 30 The in vivo efficacy of INCB018424 is unlikely to be impacted by selection for resistance mutations in JAK2 because in vitro studies in Ba/F3-EpoR-JAK2V617F cells suggest that resistant clones are extremely infrequent compared with those observed in BCR-ABL1-expressing cells treated with imatinib (T.B. and P.L., unpublished results, August 2006 to December 2007). Moreover, the mutants that do arise have only a modestly (Ͻ 10-fold) decreased sensitivity and no detectable kinase domain mutations. It should, however, be noted that these were not exhaustive studies and may have identified only rare putative resistance alleles. Further studies will be required to ascertain the basis of response and resistance to JAK inhibitors.
INCB018424 is somewhat unique among the JAK kinase inhibitors in clinical development as it potently inhibits JAK1 in addition to JAK2. There may be both cell autonomous and nonautonomous benefits of inhibiting JAK1 as well as JAK2, although these remain hypothetical at this time. For instance, Jedidi et al have recently demonstrated that cytokines capable of signaling through JAK1 can convey resistance to JAK2-targeted therapies. 16 Moreover, analogous to certain examples of cytokine signaling, these 2 JAKs can interact and may activate one another. 14, 15 Interestingly, here we show, for the first time, that JAK1 is hyperactivated in the peripheral blood of MF patients, although the mechanism is currently an area of ongoing investigation. Systemically, inhibition of JAK1 may help alleviate many of the constitutional symptoms patients endure because of their remarkably high levels of JAK-activating inflammatory cytokines (eg, IL-6) and their resulting state of chronic inflammation. For instance, infusion of recombinant IL-6 was recently shown to result in increased JAK/STAT signaling in skeletal muscle, atrophy, and reduced strength, all of which were reversed with a selective JAK1/2 inhibitor. 31 Perhaps if selective JAK1 inhibitors are developed in the future, these therapeutic hypotheses may be tested. Alternatively, experiments in genetically engineered mouse models of JAK2-driven MPNs performed in mice lacking JAK1 may provide some insights into the contribution of JAK1 in these diseases.
JAK3 kinase activity is critical for lymphopoiesis. 26, 32 INCB018424 was designed to spare JAK3 to avoid impairing lymphopoiesis with chronic administration. The potency of INCB018424 against JAK3 kinase (IC 50 ϭ 322nM) is 2 logs higher than that required to inhibit the kinase activity of the JAK2 protein (IC 50 ϭ 4.5nM). This implies that malignant JAK2V617F ϩ clones harbored by patients with MPNs can be inhibited at a dose that will not cause JAK3 inhibition. In this regard, it is worth noting that none of the mice treated herein with INCB018424 for a month developed lymphopenia.
The preclinical data herein presented indicate that INCB018424, a potent inhibitor of JAK1 and JAK2, has the potential to be an efficacious therapy for patients with JAK2V617F ϩ MPNs. To date, INCB018424 has been given to more than 100 patients with PMF, post-PV, or post-ET MF in an ongoing phase 1/2 study. In this setting, INCB018424 administration has resulted in swift and dramatic reduction of splenomegaly. Interestingly, INCB018424 has proven equally effective in JAK2V617F ϩ and JAK2V617F Ϫ patients. In addition, most patients have experienced a marked improvement in constitutional symptoms, nutritional status, cachexia, and quality of life. These improvements are paralleled by a dramatic and rapid reduction in MF-associated inflammatory cytokine levels, closely mirroring the data predicted by our in vivo model of JAK2V617F-driven malignancy.
